Aim During the 20th century, deer (family Cervidae), both native and introduced populations, dramatically increased in abundance in many parts of the world and became seen as major threats to biodiversity in forest ecosystems. Here, we evaluated the consequences that restoring top-down herbivore population control has on plants and birds.
INTRODUCTION
Large herbivores are major determinants of plant community composition, structure and dynamics world-wide (Augustine & McNaughton, 1998; Olff & Ritchie, 1998; Diaz et al., 2007) . During the 20th century, wild ungulate populations of temperate regions, which were formerly greatly reduced by hunting, dramatically increased as a result of new population management practices (buck hunting only, local restocking programs). Predator eradication and habitat modifications, such as forest clear-cutting and shifts in farming practices (McCabe & McCabe, 1997; Woolf & Roseberry, 1998; Crête & Daigle, 1999) , also played a role. The recovery of wild ungulates was so successful that they soon began to threaten forest regeneration, as well as plant community richness and structure in several parts of the world (see reviews by Russell et al., 2001; Côt e et al., 2004 and Rawinski, 2008 in North America, Fuller & Gill, 2001 in England, Takatsuki, 2009 in Japan).
These effects on plant communities caused cascading effects across trophic levels, with dramatic declines of certain insects, small mammals and birds (Flowerdew & Ellwood, 2001; Stewart, 2001; . Such changes have had direct or indirect consequences on nutrient cycling and soil properties (Pastor et al., 1993) .
As a result, calls to reduce ungulate populations through more active top-down population control have been voiced by conservation and forestry organizations (e.g. Marquis, 1981) and by academics (e.g. Leopold et al., 1947) and have been reported in magazines and newspapers (e.g. Markley, 1949; Diamond, 1992) . However, relatively few studies evaluating the effects of a reduction in ungulate density have been published and questions persist about the ability of understorey plant and animal communities to recover following a reduction in browsing pressure (but see Horsley et al., 2003 and Tremblay et al., 2006 for eastern North America exclosures experiments with different deer densities). Indeed, the lack of propagules caused by the local extirpation of species could limit plant community recovery, as could the slow growth rate and limited dispersal ability of understorey species. Ungulate preferences or the establishment of a dense understorey by species unpalatable to deer (see review by Coomes et al., 2003; Tanentzap et al., 2012) may cause a differential recovery of species. These mechanisms deserve increased attention, as does the ability of animal populations to respond to vegetation changes caused by a reduction in ungulate density (but see Bush et al., 2012) .
We used the opportunity offered by the late 19th century introduction of black-tailed deer on the archipelago of Haida Gwaii (British Columbia, Canada) to study the effects of a reduction in deer populations on plant and bird communities. Following introduction, deer rapidly colonized all but a few of the 300 islands and islets, dramatically reducing vegetation cover, richness and diversity of all understorey vascular plant groups: tree seedlings, shrubs, forbs, graminoids and ferns (Stockton et al., 2005; Stroh et al., 2008; . We have documented these changes over the last 25 years, providing extensive knowledge of deer effects on ecosystem functioning (e.g. Martin et al., 2010) . Haida Gwaii has become one of the most dramatic example of understorey vegetation depletion by deer browsing, even for plants elsewhere judged unpalatable or tolerant towards herbivory (de la Cretaz & Kelty, 2002; Horsley et al., 2003) . The change in the vegetation triggered a severe reduction in understorey invertebrate (Allombert et al., 2005a) and bird (Allombert et al., 2005b) diversity and abundance, to a degree not observed in other cases of deer overabundance (e.g. McShea & Rappole, 2000; Gill & Fuller, 2007) .
We used this context to launch an experiment that involved restoring top-down control by culling deer through repeated hunts on two medium-sized islands. During a 13-year study, we monitored the plant and bird communities on the islands with hunting and on control islands without hunting to assess their respective dynamics over the period. We analysed the possible role of light availability or propagule limitation in the response of plants and evaluated the link between changes in understorey plants and those in bird populations.
Under the top-down hypothesis (Martin et al., 2010) , we predicted the following: (1) a positive response in diversity and abundance of the understorey plant and bird communities; (2) an increasing spatial heterogeneity in understorey vegetation and songbird recovery, influenced by a faster and more effective response by plants able to sustain browsing, or able to maintain a seed bank; (3) a correlation between the temporal and spatial understorey vegetation recovery and the response of songbirds that depend on the understorey.
METHODS

Study area and deer cull
Haida Gwaii, situated 80 km west of mainland British Columbia, is the largest and most isolated archipelago on the west coast of Canada and falls within the perhumid temperate forest zone of the coastal temperate rain forest. It comprises two large islands (Moresby and Graham, both > 1000 km 2 ) and about 300 smaller islands, none more than 7 km distant from one another.
Except for an extinct relict endemic caribou population, which was apparently small and restricted to the bogs of northern Graham Island (Byun et al., 2002) , there were no ungulates and none of their major non-human predators on the islands since the Last Glacial Maximum (McTaggart Cowan, 1989) . Between 1878 and 1925, approximately 60 deer were introduced to the north of the archipelago (Graham Island) to provide game for local inhabitants. By the middle of the 20th century, most of the islands of the archipelago had been colonized and deer were extremely abundant, modifying the ecosystems of Haida Gwaii strongly (Golumbia et al., 2008) .
We selected Reef Island (249 ha), situated off the east coast of Moresby Island (Fig. S1 in Supporting Information) and SGang Gwaay (140 ha) and situated off the south-west coast, for the culling experiment (hereafter 'deer cull islands'). We chose these two relatively isolated islands (Table 1) to minimize the likelihood of deer re-colonization from other islands. Initial deer density on both islands was estimated to be about 35 km À² (Stockton et al., 2005; Le Saout et al., 2014) . The culls reduced this density by over 80% over the first 3 years. To limit population recovery, we organized hunts regularly thereafter (see Fig. S2 ).
As controls, we selected East Limestone (40 ha) and Kunga (400 ha) islands, where the same parameters were recorded but where no hunting was initiated (hereafter 'control islands', Table 1 ).
All islands were covered by temperate rain forests dominated by western hemlock (Tsuga heterophylla), Sitka spruce (Picea sitchensis) and western red cedar (Thuja plicata). The main difference between the more exposed cull islands and the control islands was the presence on the cull islands of extensive patches of forest-edge habitat dominated by a grass (Calamagrostis nutkaensis). The analysis of age and frequency of rub scars caused by deer, as well as historical surveys, indicated that deer cull and control islands had been occupied by deer for at least 50 years at the outset of the study (Table 1, Vila et al., 2004; Golumbia et al., 2008) .
Deer cull effects on the vegetation
Defining vegetation types and sampling protocols
We distinguished between two main vegetation types, forest interior and forest edge along the shorelines (Stockton et al., 2005; . Prior to the culls, we established sampling plots in both vegetation types on the experimental and control islands. The number of plots on each island varied according to their size (Table 1) . We monitored these plots during the course of the study, with a more intensive frequency on deer cull islands during the first years, to track initial changes in vegetation (Table 1) . We carried out all surveys in June and July, during the period of maximum cover of the herbaceous vegetation and identified vascular plants according to Douglas et al. (1998) .
Forest interior plots consisted of 25-m-radius circles ('large plots', 1963 m²) in which we recorded every plant species present, the cover of bryophytes (mosses and liverworts together), the cover of bare ground and estimated canopy cover. To minimize the bias in species detection, a minimum of two trained botanists was involved in each survey (changing throughout time). They independently intensively searched for species during at least 1 h per plot. In each plot, we placed two subplots of 3.6 metre in radius ('small plots', 40 m²) centred at 15 m north and south from the large plot's centre. In those, we estimated the individual cover of each plant species present. In the forest-edge vegetation type, the large plots consisted of 10-m-radius circles (314 m²) with only one 3.6-m-radius plot at its centre. In these plots, we recorded the same information as in the forest interior plots including species cover for each species in the 3.6-m-radius subplot. We used a standard spot chart (Mueller-Dombois & Ellenberg, 1974) to estimate plant species cover in each of the following vegetation layers: 0-5, 6-15, 16-25, 26-50, 51-100, 101-150, 151-200 and 201-400 cm. This was facilitated by using a visual reference of what would be a 1% of solid cover for each type of plot (4.4 9 4.4 m, 0.63 9 0.63 m and 1.8 9 1.8 m squares, respectively). For each plot, at least two people evaluated species cover and we recorded the average values of their estimates. Although personnel changed during the study period, the fact that for each individual year, we did all sampling on the control and deer cull islands with the same team minimized the potential for bias in cover comparisons between treatments.
Vegetation cover and composition
To analyse the response of plant cover to a reduction in deer population, we grouped plants into five guilds: trees, shrubs, forbs, ferns and graminoids (grasses, rushes and sedges). To test the significance of the changes observed, we used linear mixed models (LMM) that took explicitly into account the autocorrelation resulting from repeated measurement. In spite of the dependence among the covers of different plant group, we performed five tests, one for each guild, to determine for each if its absolute cover was increasing or decreasing with time. Fixed effects were 'Time' (as years since treatment), 'Treatment' (cull or not), 'Vegetation type' (interior/forest-edge), and 'Layer' (the class of vegetation height). Random effects were 'Island' and 'Plot', with the latter nested in Island. We also compared the overall % cover of bryophytes and bare ground between the outset and the end of the study with a Wilcoxon rank test.
Plant species richness
We defined species richness as the number of vascular species recorded within each 25-m or 10-m-radius plots (respectively, for forest interior and forest-edge). In addition to the guilds used for the cover analyses, we evaluated the richness of introduced species, excluding East Limestone Island from that 1997-2002, 2010 1997-2002, 2010 1997, 2001, 2010 1997, 2001, 2010 1997, 2001, 2010 1995, 1999, 2001, 2007 1997, 1999, 2001, 2007 1997, 1999, 2001, 2007 -- part of the analysis because of active efforts to remove introduced plants throughout the study period (Brown, 2009) . We analysed changes in species richness separately for each plant guild with linear mixed model (LMM) taking into account autocorrelation structure due to repeated measurement. We used 'Time', 'Treatment' and 'Vegetation type' as fixed effect, and used 'Island' and 'Plot' as a random effect, with the latter nested in the former.
To study the potential change in overall species richness between treatments following the deer cull, we compared species accumulation curves between treatments. 'Treatment species richness' was defined as the total number of species encountered in all plots surveyed per treatment (cull or control; excluding introduced species). We generated species accumulation curves from 500 random combinations of the n samples (n = 1,2,. . ..i plot per treatment) using the ESTIMATES 8.2.0 software (Colwell et al., 2012) .
Assessing deer population reduction as the causal mechanism: lessons from exclosures
In 1997, to confirm that vegetation also had the potential to change in absence of deer, we established six 225 m² (15*15 m) deer-proof exclosures on the two control islands (Kunga and East Limestone) (three per island, Table 1 ). Fences were 2.5 m high. For each exclosure, we recorded vegetation cover and plant species richness following the same methods as described for the forest-edge plots. We tested the effect of 'Time' and 'Layer' factors on exclosure vegetation with ANOVAs.
Spatial heterogeneity in plant response to deer cull: effect of light and local extinction/colonization events
We assessed the link between changes in vegetation parameters and a proxy of light availability (canopy cover) with linear regression. We integrated vegetation changes in the model as D % cover or richness = % cover or richness in 2010 -% cover or richness in 1997.
To determine whether deer culling favoured species colonization or reduced extinction in our plots, we analysed changes in the presence of each species within each plot on both the cull and control islands from 1997 to 2001 and 2010 (dates for which data were available for all islands). The seven potential scenarios of extinction/colonization for a species at one plot are summarized in Fig. S3 . We grouped them into three categories:
1. Persists: the species is recorded in all 3 years. 2. Local extinction: the species disappeared from the plot during the study period. 3. Local colonization: the species appeared in the plot during the study period.
We counted the number of occurrences of each category on culled and control islands and tested differences between their distributions with a chi-square test.
Deer cull effects on songbirds
Sampling protocols and bird response groups
We used standard 20-min point-counts with 50 m fixed radius to assess songbird species richness and abundance (Bibby et al., 1992) . This count duration is relatively insensitive to sampling artefacts and detectability biases (Gonzalo-Turpin et al., 2008) . The 20-min period was divided into four 5-min sequences. Within each of those, we estimated the number of individuals of each species present and retained the highest number of individuals identified in the 5-min sequences as the estimate of abundance at the plot scale.
Point-counts were centred on the forest interior vegetation plots. On the cull islands, we repeatedly surveyed 22 (Reef Island) and 12 point-counts (SGang Gwaay Island). For the control islands, logistical constraints forced us to monitor only the larger of the two (Kunga). To compensate, we added 10 additional plots on this larger island to the 20 plots planned initially (Table 1) .
We limited our analysis to songbirds, woodpeckers and hummingbirds, excluding raptors and corvids. For flocking species (pine siskin -Carduelis pinus and red crossbill -Loxia curvirostra), we used only presence/absence data to avoid the biases inherent in flock size estimates.
We classified species based on their use of understorey vegetation for foraging and/or nesting as proposed by Allombert et al. (2005a) for the same bird communities (see Table S1 ). Based on this, we defined two groups: those with a strong dependence 'understorey birds' and those with little or no dependence on understorey vegetation 'non-understorey birds' (see Table S1 ). Based on our previous results (Allombert et al., 2005a; Chollet et al., 2015) , we expected that birds which declined in the presence of deer 'understorey birds' would respond positively to the reduction in deer abundance that resulted from culling.
Bird species richness and abundance
We analysed species richness and abundance per plot according to bird groups (understorey dependence). We assessed changes in these two parameters using linear mixed model (LMM) integrating an autocorrelation structure due to repeated measurement. In the models, we used 'Time' and 'Treatment' as fixed effects and 'Island' as well as 'Plot' as random effect, with the latter nested in the former.
Link between changes in vegetation and songbirds
On the two cull islands, we analysed the link between the spatial heterogeneity of changes in vegetation and songbirds. To investigate this relationship, we performed multiple linear regression models with stepwise selection procedure between vegetation change (D % cover = % cover 2010 À % cover in 1997) and songbird change (D abundance or richness = abundance or richness in 2010abundance or richness in 1997).
Direction of change in vegetation and birds on cull islands
Finally, to evaluate changes in vegetation and bird communities on deer cull islands, in comparison with control islands and exclosures, we used a multivariate analysis on species cover/abundance data. We first transformed the data by a principal component analysis (PCA) on centred and weighted coordinates. We transformed point weights in order to give the same weight to each treatment regardless of the number of plots/point-counts sampled. We analysed these new coordinates through a between class analysis, each category of islands (cull, control and exclosures) at each year being a class. We plotted the central coordinates of each class on the two-first axes of the final referential. We used the R software version 2. 14. 2 (R Core Team, 2013) for all statistical procedures.
RESULTS
Deer cull effects on the vegetation
Vegetation cover and composition
We observed no difference in vegetation cover between the two island categories (cull and control) at the outset of the study except for graminoids in both vegetation types and trees at forest-edge locations (Fig. 1) . The cover of forbs and graminoids was greater in the forest edge than in the forest interior plots ( Table 2) . The cover of all vegetation guilds but graminoids changed significantly between 1997 and 2010 (Table 2, Fig. 1 ). The cull positively affected change in cover of trees, shrubs, forbs and ferns (Fig. 1, ' time*treatment' variable in Table 2 ). Changes in vegetation cover in response to the cull were highest for shrubs both in forest interior and in forest-edge vegetation types, with their cover, respectively, 59 and 119 greater at the end of the study.
In keeping with the expansion of trees and shrubs, we observed a big reduction in the cover of bare soil and bryophyte on the cull islands between 1997 and 2010, with reduction of 15% and 20%, respectively (both P < 0.0001; Fig. S4 ). On the control islands, their total cover did not change over time (bare soil: P = 0.58; bryophyte: P = 0.9, Fig. S4 ).
We recorded 65 dominant plant species on deer cull islands. The cover of 27 significantly increased, 37 did not change and one species, Cirsium vulgare, significantly decreased over the study period (see Table S2 ). Among the increasing species, one (Vaccinium parvifolium) began to increase in the first 2 years after the cull, seven showed an increase between two and 4 years after, and nineteen showed a significant increase only 13 years after deer population control had started (see Table S2 ).
Species richness
The species richness of every plant guild except introduced species changed over time (Table 2, Fig. 2) and was significantly affected by deer culling ('time*treatment', Table 2 ). Changes were most dramatic for forbs and graminoids, for which numbers of species increased by 2-5 times, depending on group and vegetation type (Fig. 2) . In contrast, species richness of all guilds remained relatively stable on the control islands (Fig. 2) .
At the treatment scale, species accumulation curves (Fig. S5) indicate that at the beginning of the experi-ment, species richness was similar among island groups (cull and control) and that on cull islands it became progressively higher than on control islands over time (Fig. S5) .
Exclosures
In the six exclosures, vegetation cover of shrubs and ferns increased significantly but no significant changes were recorded for trees, forbs and graminoids (Table 3) . Species richness increased fourfold (Table 3 , see Fig. S6 ).
Spatial heterogeneity in plant response to deer cull
The extent of increase in vegetation cover (effect size r = 0.33, R² = 0.11, P < 0.05) and in species richness (effect size r = 0.53, R² = 0.28, P < 0.001) was inversely related to plot canopy cover.
The distribution of the different colonization/extinction scenarios differed on cull and control islands (chi-square test, v² = 223 d.f. = 2, P < 0.001). In both treatments, many species 'Persisted', but on deer cull islands, there were more 'Colonizations' (Fig. 3) , while on the control islands 'Extinctions' were more frequent than on the deer cull islands (22% and 6%, respectively, Fig. 3 ).
On the deer cull islands, all but two species (C. vulgare and Senecio sylvaticus, both introduced) were present in more plots at the end of the experiment than at the outset, with some species showing up to a 50% increase in their presence in plots (Table S2 ).
Deer cull effects on songbirds
Abundance and species richness
On deer cull islands, the abundance and richness of understorey birds were both higher after 10 years (Fig. 4 , Table 4 ). On control islands, we found no change in the abundance or richness of understorey birds. By contrast, the abundance and species richness of nonunderstory birds did not change significantly on either the experimental or the control islands (Fig. 4, Table 4 ). At the outset of the study, species richness and abundance of nonunderstory birds were significantly higher on the control island, but this difference was not apparent by the end of the study. 
Link between changes in vegetation and songbirds
On deer cull islands, the recovery of plants and birds varied among plots (see Fig. S7 ). Spatial heterogeneity in plant recovery partly explained changes observed in bird abundance and richness (Table 5 ). Increases in abundance and richness of understorey birds were positively related to the increase in lower vegetation cover (shrubs and trees under 2 m) but negatively related to the increase in cover of trees higher than 2 m. The abundance of non-understorey species was negatively related to cover change in trees under 2 m. Their species richness was positively related to changes in shrub cover ( Table 5) .
Direction of changes in vegetation and birds relative to control islands and exclosures
Plants
On deer cull islands, the overall change in vegetation composition was slightly more pronounced in plots in the forest edge ( Fig. 5b ) than in those of the forest interior (Fig. 5a ). On the control islands, both communities changed little during the study period.
In the forest interior, vegetation change in the plots on cull islands showed marked differences from changes observed in the exclosures. In the exclosures, change resulted from a marked increase in species richness and in the cover of one shrub (REHU -V. arvifolium) and of two ferns (LAFE -Anthyrium filix-femina, SWFE -Polystichum munitum) (negative scores on Axis 1). On cull islands, changes consisted mainly in an increase in cover of two shrubs (FAAZ -Menziesia ferruginea, SALA -Gaultheria shallon) ( Fig. 5a , negative scores on Axis 2). For forest-edge plots, the first Axis was defined by increasing species richness and increasing cover of two species (Fig. 5b, negative scores) . Axis 2 was mainly defined by the increase in abundance of one grass species (NORE -Calamagrostis nutkaensis) with increasing negative scores. The trajectories of plant communities showed little change on the control islands. This contrasts with a strong increases in species richness and abundance on the deer cull islands (Fig. 5b) .
Songbirds
On the Axis 1-Axis 2 plane of the PCA, most species classified as understorey-dependent scored positively on Axis 1 (e.g. OCWA -Oreothlypis celata, RUHU -Selasphorus rufus).
Bird communities changed with time on both types of islands. On the control islands, they remained dominated by species that did not depend on the understorey, while on deer cull islands, they shifted from a community poor in understorey species to a community rich in understorey species. (Fig. 5c ).
DISCUSSION
Despite the strong ecosystem-wide negative effects of over 50 years of severe browsing, the experimental reduction of deer density during 13 years allowed a significant increase in vegetation cover as well as in plant and bird species richness and diversity, in both forest interior and forest-edge habitats.
Vegetation change in response to deer cull
Although most plant groups significantly increased their cover in response to deer cull, the browse-tolerant bryophytes and non-native plants declined in response to increasing understorey vegetation cover. This is consistent with the negative effect of competition for light with vascular plants documented in bryophytes (e.g. Bergamini & Pauli 2001) and with the results of a recent bryophyte study on Haida Gwaii .
The role of deer culling in explaining observed positive vegetation changes is confirmed by the dramatic increase in vegetation cover observed inside the exclosures installed on the control islands (see Fig. S6 ).
The two cull islands showed similar patterns of vegetation dynamics for all species guilds and both habitat categories, in particular an increase in plant species colonization and persistence. The number of plant species following the 'colonization' scenario was higher on the cull islands than on the control islands, and the number of plants that became extinct locally was lower. At the island scale, we observed an increase in species richness, a result consistent with our results on colonization/extinction patterns. These results confirm those obtained recently in Indiana state parks (Jenkins et al., 2014) , where a strong reduction in deer numbers correlated with an increase in plant species richness, but they contrast with those of several earlier studies (Virtanen et al., 2002; Tanentzap et al., 2009; Royo et al., 2010) . The short length of two of the latter studies (4-6 years) may explain the lack of significant change in species richness. Changes in our system after 5 years were still relatively small (Fig. 2) . However, duration of study was not a likely explanation in the one study that failed to document major plant community change forty years after a severe population reduction of introduced red deer (Cervus elaphus, Tanentzap et al., 2009) .The slow growth rate of the local plants and other particular factors of New Zealand ecosystems (e.g. soil fertility, multiple invasive herbivores) may have been responsible for the lack of significant change.
Herbivory tolerance should provide a serious advantage to species in the speed at which they can respond to deer Table 4 Abundance and richness of the two groups of songbirds (understorey and non-understorey-dependent) throughout time on culled (N = 34 plots) and control (N = 30 plots) islands.
Bird group Time Treatment
Time * Treatment Abundance Understorey 28.9*** 1.5 35.8*** Non-understorey 1.9 15.8 3.5 (*) Richness Understorey 47.5*** 2.2 34*** Non-understorey 1.5 6.3 8*
The F-value of the linear mixed model (LMM) used to evaluate changes is associated with significance levels (*)P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001. culling. In our system, the eight species which managed to significantly increase during the first 5 years belonged to this category. Among them were two trees (P. sitchensis and T. heterophylla) which can stand intensive browsing for a long period by becoming dwarf 'bonsai' plants (Vila et al., 2002) , three shrubs (G. shallon, Menziesia ferruginea and V. parvifolium) and three ferns (Dryopteris expansa, Polypodium glycyrrhiza and Polystichum munitum) all of which have underground stems (rhizomes) or the ability to sprout from their roots, allowing them to endure defoliation and providing a bank of living dwarfed plants capable of rapid expansion once browsing is reduced. Tolerating herbivory allowed these species to persist in the depauperate understorey as scattered, ecologically insignificant individuals present in 67% of the plots at the beginning of the experiment. On the other hand, the 19 species that only showed significant positive change in cover after at least 10 years of culling were documented only in 29% of the plots at the outset of the study. Finally, the species for which we failed to docu-ment any statistically significant change as late as 2010 were present in only 12% of the plots at the outset of the study. Although introduced plants were never dominant in the communities we studied, our results provided evidence for reductions in their abundance following a reduction in herbivory. Out of the 65 vascular species recorded at the outset of the study, the only two that we observed in fewer plots at the end of the study were both introduced, C. vulgare and S. sylvaticus. The former was the only species for which cover significantly decreased. We interpret these changes as caused by interspecific competition with the increasing native vegetation cover, an interpretation consistent with previous studies that have shown that heavy browsing by introduced or native herbivores often has a positive effect on the abundance and distribution of introduced plants (e.g. Eschtruth & Battles, 2009; Waller & Maas, 2013) . This also supports the invasion meltdown theory (Simberloff & Von Holle, 1999) which proposes that introduced species have positive interactions facilitating their common invasion. Our results
Forest interior
Forest edge Songbirds also support the suggestion of Jenkins et al. (2014) who showed that encroachment of introduced plants in the presence of very abundant deer is reversible when deer density is reduced.
Higher trophic level responses to deer cull
Studies on the impact of introduced deer on the forests of Haida Gwaii (Allombert et al., 2005a ,b, Chollet et al., 2015 , or elsewhere (e.g. Hino, 2006; Cardinal et al., 2012) , even at a continental scale have demonstrated the far reaching trophic cascades that very abundant deer populations can trigger, causing declines in insects, birds and small mammals. Our study, the first to evaluate the response of songbird communities to deer culling (but see DeCalesta, 1994 on the effect of experimental manipulation of deer densities), indicated that, by substantially reducing the herbivore population, the indirect effects on bird communities were reversible. By comparing trends on control and experimental islands, we observed that deer culling increased understorey bird abundance and species richness. On the control island, the abundance of songbirds actually declined over the same period suggesting that even after more than 60 years bird populations continued to erode. This result is consistent with a recent study of 57 islands of the Haida Gwaii archipelago which showed that, even on islands with bird communities already severely affected by deer at the outset of a 20 year period, songbird abundance continued to decline (Chollet et al., 2015) .
Spatial heterogeneity and rate of changes in plants and birds
Recovery observed in previous experiments of deer reduction was quite limited, and several explanatory factors have been proposed (Coomes et al., 2003; Tanentzap et al., 2011 Tanentzap et al., , 2012 . If, in our study, some of these factors are at work, they seem to act mainly by affecting spatial heterogeneity of response caused by variation in abiotic conditions (e.g. light availability), rather than by preventing an overall positive plant response to deer population reduction. A potentially important limitation to understorey vegetation recovery is that, by dramatically reducing plant abundance , or even causing their local disappearance (McGraw & Furedi, 2005) , deer browsing can reduce the availability of propagules necessary for recolonization. However, the fact that by the end of our study, all native species were present in more plots than at the outset, suggests that propagule availability was not a severe limiting factor at the community scale.
In addition, on the cull islands, we did not find evidence that understorey plant species were able to become dominant, or of irreversible ecological shifts, such as those suggested by Coomes et al. (2003) or Tanentzap et al. (2012) .
Finally, the spatial heterogeneity in plant community change produced by a combination of abiotic and biotic factors is reflected in the similar spatial heterogeneity observed in the overall positive response to deer culling exhibited by understory-dependent birds.
Lessons for conservation and management
Our study showed that deer culling to restore top-down deer population control, in a situation of uncontrolled deer browsing that lasted over five decades, elicited a positive response from the whole range of understorey plants found in this system and for segments of the bird communities that depended on them. These results are consistent with reports on the effect of earlier large-scale reductions in deer population on tree regeneration (H€ ornberg, 2001; Hothorn & Muller, 2010; Wright et al., 2012) or understorey plants (Jenkins et al., 2014) .
An important question concerning the management of overabundant deer is the time needed to obtain a significant effect. Our results indicate that in a productive ecosystem, and after an initially severe reduction in deer abundance, more than 10 years were necessary to demonstrate widespread evidence of gains in the understorey communities. In particular, the 10-year time-lag we observed before a clear response of understorey songbirds to deer culling is fully consistent with the pattern observed for the vegetation they depend on. In the longer term, retaining or even increasing the gains observed in our experiment would imply a continuous deer regulation regime, a potentially costly commitment (Riley et al., 2003) .
We hope that our results help to convince managers and stakeholders that a proactive adaptive reduction of deer overabundance, either through hunting, where enough hunters are still present, or through the restoration of carnivore populations, has a strong potential to bring benefits at different trophic levels.
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